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Abstract: The cyclin D/cyclin-dependent kinases 4 and 6 (CDK4/6)-retinoblastoma protein (RB)
pathway plays a key role in the proliferation of both normal breast epithelium and breast cancer
cells. A strong rationale for inhibiting CDK4/6 in breast cancers has been present for many years.
However, potent and selective CDK4/6 inhibitors have only recently become available. These
agents prevent phosphorylation of the RB tumor suppressor, thereby invoking cancer cell cycle
arrest in G1. CDK4/6 inhibitors have transited rapidly from preclinical studies to the clinical
arena, and three have already been approved for the treatment of advanced, estrogen receptor
(ER]-positive breast cancer patients on account of striking clinical trial results demonstrating
substantial improvements in progression-free survival. ER-positive breast cancers harbor
several molecular features that would predict their sensitivity to CDK4/6 inhibitors. As physicians
gain experience with using these agents in the clinic, new questions arise: are CDK4/6 inhibitors
likely to be useful for patients with other subtypes of breast cancer? Are there other agents

that could be effectively combined with CDK4/6 inhibitors, beyond endocrine therapy? Is there a
rationale for combining CDK4/6 inhibitors with novel immune-based therapies? In this review, we
describe not only the clinical data available to date, but also the biology of the CDK4/6 pathway
and discuss answers to these questions. In particular, we highlight that CDK4 and CDKé govern
much more than the cancer cell cycle, and that their optimal use in the clinic depends on a
deeper understanding of the less well characterized effects of these enzymes.
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Introduction

Dysregulated cellular proliferation is a characteris-
tic of all human cancers, and the propensity for
tumor cells to sustain aberrant proliferative signal-
ing has been heralded as a ‘hallmark of cancer’.! In
normal tissues, cell proliferation is tightly regulated
by the cell cycle machinery, a group of proteins
that control a cell’s orderly procession from one
phase of the cell cycle to the next. In breast cancer,
much attention has been given to particular mem-
bers of the cell cycle machinery — the D-type cyc-
lins and their partner kinases, cyclin-dependent
kinase 4 (CDK4) and CDKG6. Indeed, a wealth of
preclinical research has shown that tumor cell pro-
liferation in many breast cancers is underpinned by
hyperactivity of the cyclin D-CDK4/6 axis,?*
making pharmacological blockade of this axis an
attractive therapeutic strategy.

Potent, selective, orally bioavailable inhibitors of
CDK4/6 have only become available as cancer
therapeutics in the last decade. By directly block-
ing the activity of the cyclin D-CDK4/6 holoen-
zyme, these agents act to restrain proliferation of
sensitive tumor cells, in particular preventing
cell cycle progression from the G1 to the S phase
of the cell cycle (see below and Figure 1). In sen-
sitive cells, CDK4/6 inhibition typically induces
a phenotype resembling cellular senescence,’
consistent with the critical role of the retinoblas-
toma (RB) tumor suppressor in mediating
senescence.®

In human breast cancer, the subtype for which
CDK4/6 inhibition has the strongest rationale is
estrogen receptor (ER)-positive disease. These
cancers almost always retain RB function at

Ther Adv Med Oncol
2018, Vol. 10: 1-15

DOI: 10.1177/
1758835918786451

© The Authorl(s), 2018.
Reprints and permissions:
http://www.sagepub.co.uk/
journalsPermissions.nav

Correspondence to:
Shom Goel

Department of Medical
Oncology, Dana-Farber
Cancer Institute, 450
Brookline Avenue,
Boston, MA 02215, USA
Department of Cancer
Biology, Dana-Farber
Cancer Institute, Boston,
MA
Shom_Goelf@dfci.harvard.
edu

Sonia Pernas
Department of Medical
Oncology, Breast Cancer
Unit, Institut Catala
d'Oncologia (ICO)-
H.U.Bellvitge-IDIBELL,
L'Hospitalet, Barcelona,
Spain Department of
Medical Oncology, Dana-
Farber Cancer Institute,
Boston, MA

Sara M. Tolaney

Eric P. Winer
Department of Medical
Oncology, Dana-Farber
Cancer Institute, Boston,
MA

journals.sagepub.com/home/tam

1

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://journals.sagepub.com/home/tam
http://doi.org/10.1177/1758835918786451
http://doi.org/10.1177/1758835918786451
https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
mailto:Shom_Goel@dfci.harvard.edu
mailto:Shom_Goel@dfci.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1177%2F1758835918786451&domain=pdf&date_stamp=2018-07-17

Therapeutic Advances in Medical Oncology 10

Aromatase inhibitors EGFR/HERZ/HER3 . tAnti-HERZcr!;‘ugs b

. | rastuzumab, pertuzumab,

Letrozole, anastrozole, _l Estradiol [——" T-Dl\’/JIl  eratinib
exemestane l l p b 0

—\ PI3K inhibitors

—IER

ER-targeted agents
Tamoxifen, fulvestrant

PI3K |

Taselisib, alpelisib,
buparlisib, etc

AKT — TsC2

CDK4/6 inhibitors
Palbociclib, ribociclib,
abemaciclib

AR
o

| CDK4/6

—

/\ -
mTORC1

P

VUNYN

mTOR inhibitors
l Everolimus
I

l Immunotherapy

p70S6K S phase

progression

Epigenetic modulation ——s |mmune evasion
S phase genes

Figure 1. The role of the cyclin D1-CDK4/6-RB pathway in breast cancer.

The role of the cyclin D1-CDK4/6-RB pathway in breast cancer cells, including cross talk with other oncogenic signaling
pathways. Mitogenic forces including ER transcriptional activity and signaling through ERBB2/PI3K/AKT/mTOR increase
cyclin D1 levels, activating CDK4/6 and promoting cellular progression to the S phase. There is extensive crosstalk between
the PI3K and CDK4/6 pathways: not only does PI3K pathway activity increase cyclin D1 levels, but the cyclin D-CDK4/6
complex can modulate TSC2 phosphorylation and hence mTORC1 activity. Combined inhibition of CDK4/6 and nodes in the
PI3K pathway can thus maximally suppress mTORC1 activity as well as RB phosphorylation, inhibiting two promoters of S
phase progression. Furthermore, suppression of E2F activity can modulate the tumor cell epigenome, rendering tumor cells
more immunogenic and providing a rationale for CDK4/6-immunotherapy combinations.

AR, androgen receptor; EGFR, epidermal growth factor receptor; ER, estrogen receptor; HER, human epidermal growth
factor receptor; mTOR, mammalian target of rapamycin; PI3K, phosphoinositide-3-kinase; RB, retinoblastoma protein,

TSC2, tuberous sclerosis complex 2 (tuberin).

presentation, meaning that the principal pathway
upon which these agents act is intact.” Moreover,
CCND1 (encoding cyclin D1) is a direct target
gene of the ER, and is thus often expressed at high
levels in ER-positive cancers. Preclinically, strong
synergy has been observed when CDK4/6 inhibi-
tors are added to standard anti-estrogen therapies,’
and large, randomized clinical trials have con-
firmed that the addition of CDK4/6 inhibitors to
hormonal therapy is a valuable clinical approach.8-1!
Three CDK4/6 inhibitors have now been approved
by the FDA for the treatment of ER-positive meta-
static breast cancer: palbociclib (PD0332991),
ribociclib (LEE011) and abemaciclib (LY835219).
The addition of these agents to endocrine therapy
has resulted in the longest improvement in pro-
gression-free survival (PFS) seen to date in this
subtype of breast cancer.81!

We are only just beginning to fully understand
how CDK4/6 inhibitors work, and as more pre-
clinical and clinical studies are published, new
questions arise. Are there other agents that we

could be combining with CDK4/6 inhibitors for
the treatment of breast cancer? Which patients
are most likely to benefit from these drugs? Are all
approved CDK4/6 inhibitors the same or are
there intrinsic differences in their mechanisms of
activity? Is there a role for the use of these drugs
in other subtypes of breast cancer? One particu-
larly difficult challenge has been to use our grow-
ing knowledge of CDK4/6 pathway biology to
elucidate predictors of drug response and resist-
ance in patients. The purpose of this review is to
summarize the background and latest evidence
for the use of CDK4/6 inhibitors in breast cancer,
and discuss some of the unanswered questions
about the use of these agents in clinical practice.

The cyclin D-CDK4/é-retinoblastoma

pathway

In normal mammary tissue, cyclin D1 and CDK4
in particular are important for luminal epithelial
proliferation, and these dependencies are often
upheld in luminal breast cancers.3%1213 Cyclin
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D1 binds to CDK4, and the protein complex is
stabilized by proteins such as p21, rendering it an
active holoenzyme.'* The holoenzyme then
monophosphorylates the RB protein.
Phosphorylation of RB depresses the E2F family
of transcription factors, enabling the expression
of cyclin E, another S phase cyclin. Cyclin E then
binds to and activates CDK2, which hypherphos-
phorylates RB, further liberating E2F transcrip-
tion factors and facilitating the expression of a
wide variety of genes that promote transit from
G1 to S phase.!> Small molecule CDK4/6 inhibi-
tors act primarily by blocking RB phosphoryla-
tion and thus inducing G1 cell cycle arrest and a
phenotype resembling cellular senescence.!® In
vitro, tumor cells with a non-functional RB path-
way are resistant to CDK4/6 inhibitors,”17 pre-
sumably because they lack the canonical target of
these agents.

The enzymatic activity of CDK4/6 is regulated
by several mechanisms.!8 First, several mitogenic
signaling pathways that are active in breast can-
cers positively regulate CDK4/6 activity by
increasing CCND1 expression and/or increasing
cyclin D1 protein stability.!921 These include
signaling through receptor tyrosine kinases (such
as EGFR and HER?2), the PI3K-AKT-mTOR
axis and the ER (Figure 1).19-21 With respect to
receptor tyrosine kinase signaling, mouse models
have shown that cyclin D1 is an absolute require-
ment for the formation of mammary adenocarci-
nomas driven by ERBB2, and that cyclin D1/
CDK4 also plays an important role in the growth
of established [ERBB2-driven tumors.316:20
Furthermore, cyclin D1 is a direct transcriptional
target of ER, and estrogens promote the transit
of ER-positive breast cancer cells from G1 to S
phase.?2 Conversely, anti-estrogen therapies such
as tamoxifen, aromatase inhibitors, and fulves-
trant reduce cyclin D1 expression and hence
induce G1 cell cycle arrest.23 Notably, cyclin D1
can also activate expression of ER target genes in
an estrogen-independent manner.?* Finally,
approximately 15% of breast cancers demon-
strate amplification of CCND] itself, and these
tumors tend to have higher levels of cyclin D1
protein as well.25:26 This serves as yet another
potential way to stimulate CDK4 activity in
breast cancers.

In addition to this multitude of mechanisms by
which CDK4 activity can be stimulated in breast
cancers, cells also harbor a number of endogenous
proteins that directly inhibit CDK4/6 activity.

The most important of these endogenous CDK4/6
inhibitors are the INK4 proteins (pl6NK4a
pl15INK4b 1] 8INKde and p]9INK4d) These proteins
bind specifically to CDK4 and CDKS6 and inhibit
their catalytic subunits.%27 A small proportion of
breast cancers demonstrate deep deletion of
CDKNZ2A, the gene encoding p16. Theoretically,
such tumors would be expected to have higher
baseline CDK4/6 activity and thus potentially be
more sensitive to CDK4/6 inhibitors. As is dis-
cussed below, however, this remains a question of
controversy.8

CDK4/6 inhibitors in metastatic ER-positive
breast cancer

CDXK4/6 inhibitors have shown both preclinical
and clinical activity in ER-positive breast cancer,
and data suggest synergy when combining anti-
estrogen therapy with CDK4/6 inhibitors.7-28
Significant improvements in PFS seen in clinical
trials (Tables 1 and 2) have led to their approval
in metastatic ER-positive, HER2-negative breast
cancer patients in combination with endocrine
therapy, or in the case of abemaciclib also as a
single agent. It is worth noting that the three
approved CDK4/6 inhibitors present distinct
relative potencies for CDK4 and CDKG6 inhibi-
tion, pharmacokinetics, dosing schedules and
toxicity profiles.

Palbociclib shows in vitro enzymatic IC50s for
CDK4 and CDKG6 of approximately 11 and 15
nM respectively,?® and was the first CDK4/6
inhibitor described to show activity against breast
cancer cells, when Finn and colleagues demon-
strated synergy between palbociclib and endo-
crine therapy in ER-positive cell lines.”
Furthermore, palbociclib inhibits the growth of
tamoxifen-resistant ER-positive xenografts iz vivo
when added to selective ER degraders (SERDs).30
A first-in-human phase I study of palbociclib in
patients with solid tumors showed a favorable
safety profile with myelosuppression, particularly
neutropenia, being the main dose-limiting toxic-
ity — presumably a consequence of CDKG6 inhibi-
tion in granulocyte precursors.?! Of note, the
neutropenia induced by palbociclib and other
CDK4/6 inhibitors is associated with a very low
risk of febrile neutropenia, as opposed to that
seen with cytotoxic chemotherapy.8

In clinical practice, palbociclib is typically admin-
istered at a starting dose of 125 mg daily 3 weeks
on, 1 week off, in conjunction with endocrine
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Table 1. Randomized phase Il/1ll clinical trials of CDK4/6 inhibitors as first-line treatment of advanced ER-positive breast cancer.

PALOMA-1 PALOMA-2 MONALEESA-2 MONARCH-3 MONALEESA-7
Design Phase Il open- Phase Il Phase IlI Phase Il Phase Il placebo control
label placebo control placebo control  placebo control  in pre-/perimenopausal
women
Treatment arms Letrozole * Letrozole * Letrozole * NSAI + Tamoxifen/NSAI +
palbociclib palbociclib ribociclib abemaciclib goserelin = ribociclib
Patients, n 165 666 668 493 672

Median PFS (months)

HR, 95% ClI

ORR,* %
CBRI(ITT), %

20.2 versus 10.2 24.8 versus 14.5

0.49 (0.320.75) 0.58 (0.46-0.72)

55 versus 39 55 versus 44

81 versus 58 85 versus 70

25.3 versus 16
0.56 (0.43-0.72)

53 versus 37

80 versus 73

NR versus 14.7 23.8 versus 13

0.54(0.41-0.72) 0.55 (0.44-0.69)
59 versus 44 51 versus 36%

78 versus 71.5

* In patients with measurable disease at baseline.
CBR, clinical benefit rate; NR, not reached; NSAI, nonsteroidal aromatase inhibitor; ORR, objective response rate; PFS, progression-free survival.

therapy. This dose was initially tested in patients
with RB-expressing (as determined by IHC) met-
astatic breast cancer using palbociclib as a single
agent in a phase II, single-arm study.32 Patients in
this study were heavily pretreated and the overall
activity observed was modest [objective response
rate (ORR) 5%, clinical benefit rate (CBR) 19%,
and median PFS 3.7 months].32 However, in the
subsequent randomized phase II PALOMA-1/
TRIO-18 trial, the combination of letrozole plus
palbociclib yielded an impressive 10-month
improvement in PFS (20.2 wersus 10.2 months,
HR, 0.49, p = 0.0004) in patients with advanced
ER-positive, HER2-negative breast cancer, when
given as first-line therapy.® These results led to the
phase III PALOMA-2 trial which confirmed this
significant and remarkable benefit in PFS (see
Table 1).11 As described in Table 2, palbociclib
also shows efficacy in endocrine therapy-resistant
metastatic breast cancer, improving PFS when
added to fulvestrant as second-line therapy.33

Ribociclib is another highly selective, reversible
CDK4/6 inhibitor. It demonstrates iz vizro IC50s
for CDKs 4 and 6 of approximately 10 nM and
40 nM respectively,3* and it is approved for use at
a starting dose of 600 mg daily, 3 weeks on, 1
week off. The toxicity profile of ribociclib is very
similar to palbociclib, with neutropenia and
thrombocytopenia being the most frequent grade
3/4 adverse events in large trials. However,
transaminitis has also been observed, with grade
3/4 aspartate aminotransferase and alanine ami-
notransferase elevations occurring in 5-10% of

patients when ribociclib is given with endocrine
therapy. The mechanism for this hepatotoxicity is
not clear. Furthermore, ribociclib therapy can
prolong the QT interval as measured by electro-
cardiography, requiring monitoring of this param-
eter in clinical practice.

Based on the findings of the phase III
MONALEESA-2 trial® (Table 1), the FDA
approved ribociclib to be used in combination
with an aromatase inhibitor as initial therapy for
the treatment of postmenopausal women with
ER-positive, HER2-negative advanced breast
cancer. Recently, the results of the phase III
MONALEESA-7 trial were presented, specifically
addressing the question of CDK4/6 efficacy in
pre- or perimenopausal women (Table 1).35 All
women in the study received ovarian function
suppression together with oral endocrine therapy
(tamoxifen or an aromatase inhibitor) * riboci-
clib, and results were very similar to those observed
in the postmenopausal trials.8-1! Of note, this was
the first major study to include tamoxifen as one
of the endocrine therapy partners to CDK4/6
inhibition, and a similar improvement in PFS was
observed with either endocrine regimen.

Abemaciclib is the most potent of the three
CDK4/6 inhibitors, with reported IC50s of 2 nM
and 10 nM respectively for CDK4 and 6.3¢
Abemaciclib has also been shown to have inhibitory
activity against other kinases i vizro including, but
not limited to, CDK9 and PIMI1;3® however,
whether this activity has meaningful effects in living
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Table 2. Major clinical trials of CDK4/6 inhibitors in patients with advanced ER-positive breast cancer who had previously progressed

on endocrine therapy.

PALOMA-3

MONARCH-2

MONALEESA-3*

MONARCH-1

Design

Treatment arms

Patients, n

Patient population

Median PFS, months
HR

ORR (measurable
disease), %

CBR(ITT), %

Phase Il placebo
control, second line

Fulvestrant =
palbociclib

521

<1 prior CT for MBC;
any line of previous
ET in MBC

9.5 versus 4.6

0.46 (0.36-0.59)

25 versus 11

67 versus 40

Phase Il placebo
control, second line

Fulvestrant +
abemaciclib

669

Previous CT for MBC
not permitted; one line
of previous ET in MBC

Phase Ill placebo
control, second line

Fulvestrant +
ribociclib

725

Phase Il

Abemaciclib monotherapy

132

Progression on or after
prior endocrine therapy;
1-2 lines prior CT for MBC

16.4 versus 9.3 6.0
0.55 (0.45-0.68)

48 versus 21 20
72 versus 56 42 .4

* Not yet reported.

CBR, clinical benefit rate; CT, chemotherapy; ET, endocrine therapy; MBC, metastatic breast cancer; ORR, objective response rate; PFS,

progression-free survival.

cells remains unclear. In addition, abemaciclib has
been demonstrated to cross the blood-brain barrier
and have some activity in central nervous system
(CNS) tumors, including metastatic lesions.37-38
Although CNS penetration might not be unique to
abemaciclib, xenograft studies in primary brain
tumors suggest that delivery of abemaciclib is more
efficient than palbociclib.3” Hematopoietic toxicity
is less common with abemaciclib than with palboci-
clib or ribociclib, but the mechanisms behind this
are not well understood.? As such, it can be dosed
continuously, starting at 200 mg bid as a mono-
therapy or 150 mg bid when given with endocrine
therapy. Diarrhea has emerged as the most com-
mon abemaciclib toxicity — this typically begins
within the first 7 days of therapy and use of lopera-
mide as needed is recommended. Notably, most
patients receiving abemaciclib also present with an
asymptomatic increase of serum creatinine. This is
an on-target effect as abemaciclib is a competitive
inhibitor of efflux transporters of creatinine in the
proximal tubule of the kidney, such as OCT?2 and
MATE, and does not reflect renal dysfunction per
se.40 Cystatin C can be used to monitor renal func-
tion in these patients.

Like the other CDK4/6 inhibitors, randomized
phase III trials have demonstrated the benefit of
adding abemaciclib to hormonal therapy. In patients

with advanced ER-positive breast cancer, both
ORR and PFS were significantly improved, not only
for initial therapy in postmenopausal women
(MONARCH 3) (Table 1),!° but also in combina-
tion with fulvestrant in patients previously treated
with endocrine therapy (MONARCH 2) (Table
2).41 Strikingly, however, abemaciclib also demon-
strates significant activity as a single agent. In the
phase II single-arm MONARCH 1 trial (Table 2),42
abemaciclib monotherapy yielded an ORR of 19.7%
and CBR of 42.4% in a heavily pretreated popula-
tion with ER-positive, HER2-negative metastatic
breast cancer. Notably, the median time to response
was 3.7 months and the median PFS and overall
survival (OS) were 6 and 17.7 months, respectively.
Given that CDK4/6 inhibitors act primarily by
inducing cell cycle arrest, mechanisms behind this
response are unclear. However, preclinical studies
suggest that a portion of breast cancers might
undergo apoptosis in response to abemaciclib!” and/
or that abemaciclib might induce an anti-tumor
immune response that underpins some of its activity
and explains tumor regression.43-44

Table 1 summarizes the phase II/III randomized
clinical trials of CDK 4/6 inhibitors as first-line
treatment for advanced ER-positive, HER2-
negative breast cancer. Results are consistent
across all these randomized trials in terms of
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efficacy, with similar median PFS, hazard ratios
and patient populations. Sixty percent of patients
had visceral disease at baseline and about 40% had
metastatic de novo breast cancer. Remarkably,
these trials demonstrate ORRs of over 50%, simi-
lar to that achieved with first-line chemotherapy.
Table 2 summarizes major trials of CDK4/6 inhi-
bition in patients with advanced HR-positive
breast cancer who have relapsed or progressed
during endocrine therapy. Again, hazard ratios
across trials are similar. There are, however, some
differences with respect to patient populations in
these trials, which might in part explain the differ-
ences in absolute PFS. In MONARCH-2,4! prior
chemotherapy was not permitted and just one
prior endocrine therapy was allowed, whereas in
PALOMA-3,33 approximately one-third of patients
had received prior chemotherapy and any number
of prior endocrine therapies was permitted.

The remarkable results observed with CDK4/6
inhibitors in these trials have led to the initiation
of many other studies. The PEARL trial
(ClinialTrials.gov identifier: NCT02028507) is a
randomized phase III study that compares palbo-
ciclib plus endocrine therapy versus capecitabine
chemotherapy in postmenopausal patients with
metastatic ER-positive, HER2-negative breast
cancer resistant to previous nonsteroidal aro-
matase inhibitor therapy. In addition, numerous
clinical trials are also evaluating the efficacy of
CDK4/6 inhibitors in settings beyond advanced
disease and in subtypes other than ER-positive
disease, as is described below.

CDK4/6 inhibition in early-stage ER-positive
breast cancer

The exciting results observed with CDK4/6 inhib-
itors in the treatment of advanced ER-positive,
HER2-negative breast cancer have triggered the
evaluation of these agents in the early-stage set-
ting. Indeed, there is an urgent need to improve
the efficacy of adjuvant endocrine therapy, given
that a considerable number of patients with
ER-positive breast cancer experience disease
recurrence, and that the risk of recurrence remains
even decades after initial diagnosis.*® First, each of
the three agents is now being tested in a rand-
omized adjuvant phase III study for patients with
high-risk, ER-positive disease. These are summa-
rized in Table 3. Each study has slightly different
inclusion criteria, but all are comparing the effi-
cacy of a CDK4/6 inhibitor as an adjunct to stand-
ard endocrine therapy.

Several neoadjuvant trials have also been planned,
and some have already been reported. The trials
have typically been designed to answer transla-
tional science questions, taking advantage of the
ability to perform serial biopsies of primary
tumors during treatment. The single-arm phase
II NeoPalAna trial evaluated the anti-proliferative
effect of palbociclib.4” Fifty patients with stage
II-IITI ER-positive, HER2-negative breast cancer
were enrolled. Treatment consisted of anastro-
zole for 4 weeks (with goserelin if premenopau-
sal), followed by the addition of palbociclib for
four 28-day cycles. Serial biopsies were performed
and analyzed for Ki67, gene expression and muta-
tion profiles. The primary endpoint was complete
cell cycle arrest (CCCA), defined as Ki67 <2.7%,
as assessed 2 weeks after initiation of palbociclib.
Palbociclib enhanced cell cycle control over anas-
trozole monotherapy, and this effect was observed
across various subgroups, including grade 3
tumors, those with PIK3CA mutations and
tumors in pre- and postmenopausal women.
Interestingly, palbociclib’s anti-proliferative effect
was rapidly lost when CDK4/6 treatment was
held prior to surgery, suggesting that the “senes-
cence” induced by these agents is not truly irre-
versible, but rather depends on ongoing drug
treatment. In the phase II neoMONARCH trial,
220 postmenopausal women with stage I-IIIB
ER-positive, HER2-negative breast cancer were
randomized, after a baseline biopsy, to anastro-
zole, abemaciclib or the combination for 2 weeks,
after which another core biopsy was performed.4®
Patients then continued on abemaciclib and anas-
trozole for a further 14-22 weeks. In this trial,
abemaciclib alone or in combination with anas-
trozole significantly reduced Ki67 expression
compared to anastrozole alone after 2 weeks of
treatment (primary endpoint based on geometric
mean change in Ki67 and CCCA defined as Ki67
=<2.7%), and induced a profound cell cycle arrest
and changed gene expression in a manner sugges-
tive of cellular senescence. Abemaciclib treatment
also appeared to induce histologic changes sug-
gestive of increased tumor differentiation and
increased lymphocyte infiltration in some cases.*8

The combination of ribociclib plus letrozole in
ER-positive, HER2-negative breast cancer is being
assessed in several phase II neoadjuvant trials. In
the FELINE study (ClinicalTrials.gov identifier:
NCT02712723), patients are randomized to either
placebo plus letrozole or ribociclib plus letrozole
(ribociclib at two different dosing schedules). In the
CORALLEEN study (ClinicalTrials.gov identifier:
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Table 3. Randomized phase Ill clinical trials evaluating CDK 4/6 inhibitors in early-stage ER-positive/HER2-

negative breast cancer (ClinicalTrials.gov January 2018).

Trial name/ Estimated Study treatment Study population Primary
ClinicalTrial. enrollment endpoint
gov identifier
PALLAS 4600 Standard adjuvant ET Stage Il (stage IIA limited to max. iDFS
NCT02513394 (at least 5 years) = 1000 patients)* or stage Il
palbociclib (2 years)
PENELOPE-B 1250 Standard adjuvant ET Patients with residual disease and iDFS
NCTO01864746 + palbociclib in a 28- high risk of relapse (based on CPS-
day cycle for 13 cycles  EG score] after neoadjuvant CT of at
least 16 weeks
EarLEE-1 2000 Standard adjuvant ET High-risk breast cancer (= stage iDFS
NCT03078751 (at least 5 years) = Il breast cancer (AJCC 8th edition)
ribociclib (2 years) treated with adjuvant CT; OR
residual disease [=1 positive nodes
(>2 mm) and residual tumor >10
mm in breast] after neoadjuvant CT.
monarchE 3580 Standard adjuvant ET High-risk node-positive, breast iDFS
NCT03155997 + abemaciclib cancer (=4 lymph nodes, tumor >5

cm, grade 3 or central Ki67 =20%]

*Already completed.

CPS-EG, clinical-pathologic stage - estrogen/grade; CT, chemotherapy; ET, endocrine therapy; iDFS, invasive disease-free

survival.

NCT03248427), luminal B (as assessed by PAM50
intrinsic subtyping) HER2-negative breast cancer
patients are randomized to either neoadjuvant
multi-agent chemotherapy or to ribociclib plus
letrozole for 6 months. In another phase II trial,
luminal breast cancer patients are randomized to
either weekly paclitaxel or endocrine treatment in
combination with palbociclib for 12 weeks; after
that, treatment is switched in a crossover design
(ClinicalTrials.gov identifier: NCT02603679).
The PELOPS trial (ClinicalTrials.gov identifier:
NCT02764541) is an open-label phase II neoadju-
vant trial evaluating the combination of palbociclib
and endocrine therapy within cohorts of
HR-positive breast cancer patients with invasive
lobular and ductal carcinoma. Finally, neoadjuvant
treatment with CDK4/6 inhibitors has also been
tested in ER-positive, HER2-positive disease, as
described below.4?

CDKA4/é6 inhibitors for other breast cancer
subtypes

HERZ-positive breast cancer

Despite the successes of anti-HER2 targeted
agents for HER2-positive breast cancers, drug
resistance remains a significant challenge for a

subset of patients that requires novel therapeutic
approaches.?® As described above, cyclin D1
expression lies directly downstream of HER2
signaling and the initial preclinical trials demon-
strating the critical importance of cyclin D1-
CDK4 in breast tumorigenesis were performed in
ERBB2-driven tumors.?1® As such, there is a
strong rationale to test CDK4/6 inhibitors in
HER2-positive breast cancers. In support of this
rationale, early preclinical studies showed that
several HER2-positive breast cancer cell lines are
markedly sensitive to CDK4/6 inhibition in vitro.”
Moreover, several groups have demonstrated syn-
ergy between anti-HER2 therapy and CDK4/6
inhibitors”3° and that CDK4/6 inhibition can
specifically overcome acquired resistance to anti-
HER2 therapy.?® In preclinical experiments,
tumor cells surviving HER2-blockade retain high
expression of cyclin D1, and targeting these cells
with CDK4/6 inhibitors resensitizes them to anti-
HER?2 therapy not only by reducing RB phospho-
rylation but also suppressing mTORCI1/S6K/
S6RP activity and increasing tumor cell depend-
ence on EGFR family kinases.2? Indeed, com-
bined HER2 and CDK4/6 inhibition has a
synergistic effect on suppressing tumor cell prolif-
eration through enhancement of G1 arrest, both
in vitro and in vivo. Finally, CDK4/6 inhibition
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can delay recurrence of HER2-driven breast can-
cers in mouse models.??

The early clinical data also support the notion of
using CDK4/6 inhibitors in HER2-driven breast
cancers. In the initial phase II trial evaluating the
efficacy of palbociclib as a single agent,3? two
patients had ER-positive, HER2-positive cancer.
Of those, one patient experienced a partial
response (PR) and the other had stable disease
(SD) lasting 5 months, without concurrent HER2-
directed therapy. Likewise, all 11 ER-positive,
HER2-positive breast cancer patients included in
a phase I study of abemaciclib experienced disease
control, including a 36% rate of PR.3° In contrast,
there were no responses observed among patients
with ER-negative, HER2-positive tumors.

In the neoadjuvant setting, the phase II open-
label NA-PHER trial explored the activity of a
four-drug regimen comprising trastuzumab, per-
tuzumab, palbociclib and fulvestrant in HER2-
positive, ER-positive breast cancer patients and
reported encouraging antitumor activity.*® This
chemotherapy-free regimen induced a significant
reduction in Ki67 expression (defined as the per-
centage of positively staining cells within the inva-
sive margin in the examined area) at week 2 and
at surgery, after 16 weeks of treatment. At base-
line, the geometric mean Ki67 expression was
31.9 (SD 15.7) versus 4.3 (15.0; paired test p <
0.0001) at week 2 and 12.1 (20.0; p = 0.013) at
the time of surgery. Remarkably, 50% of patients
achieved a complete clinical response and 27%
achieved pathological complete response (pCR)
in breast and lymph nodes.#° This pCR rate com-
pares favorably to that observed in similar patients
treated with chemotherapy and anti-HER2 ther-
apy, and speaks to the crosstalk between CDK4/6
and HER2 signaling in breast cancer cells.5!
Table 4 outlines the ongoing randomized trials
evaluating CDK4/6 inhibitors in advanced
HER2-positive breast cancer patients. Included
are two global, randomized trials — the
MonarcHER study (ClinicalTrials.gov identifier:
NCTO02675231) evaluates the role of abemaciclib
in patients with pretreated metastatic disease, and
the PATINA study (ClinicalTrials.gov identifier:
NCTO02947685) explores the benefits of adding
palbociclib to standard first-line metastatic ther-
apy. In addition, data from stage 1 of the
PATRICIA (SOLTI 13-03) trial were recently
reported.>? Thus far, this phase II trial has dem-
onstrated that in pretreated patients with HER2-
positive, ER-positive advanced breast cancer,

objective responses are observed with palbociclib
and trastuzumab.52 Other non-randomized phase
Ib/II studies in advanced HER2-positive breast
cancer include those combining palbociclib and
T-DM1 (ClinicalTrials.gov identifier:
NCTO01976169), palbociclib, trastuzumab, per-
tuzumab and anastrozole (ClinicalTrials.gov
identifier: NCT03304080), ribociclib with tras-
tuzumab or T-DMI1 (ClinicalTrials.gov identi-
fier: NCTO02657343), and palbociclib with
tucatinib and letrozole (ClinicalTrials.gov identi-
fier: NCT03054363).

Aside from awaiting the results of definitive trials,
the pressing questions pertaining to CDK4/6
inhibitor use in HER2-positive breast cancer relate
to defining subtypes that might benefit most. The
large randomized trials are restricted to patients
with ER-positive, HER2-positive tumors, in part
because these showed the greater response rates in
early studies,?® and in part because these are more
likely to demonstrate luminal biology and perhaps
be more cyclin D1-CDK4 dependent. However,
given the direct connection between cyclin D1 and
HER?2, there is a biologic rationale to consider
CDK4/6 inhibitors in patients with ER-negative,
HER2-positive disease (at least in those tumors
that retain RB function). The PATRICIA trial>2 is
including some such patients, and results will be
very informative. Finally, once trials are com-
pleted, analysis should also be performed compar-
ing results across patients with tumors of different
PAMS50 subtypes. Again, the PATRICIA trial has
provided initial suggestions that certain subtypes
might demonstrate better prognosis on CDK4/6—
HER?2 combinations; particularly that the luminal
subtype predicts a better PFS compared to non-
luminal (10.37 versus 3.53 months, HR 0.34, 95%
CI; 0.13-0.92; p = 0.033). However, these data do
not distinguish between disease behavior per se
and response to CDK4/6 inhibitors specifically.>2

Triple-negative breast cancer [TNBC]

TNBC is a molecularly heterogeneous disease in
urgent need of effective targeted therapies.
Traditionally, TNBC has been considered a poor
candidate for CDK4/6 inhibitor therapy, as
tumors often demonstrate loss of expression of the
RB protein (either due to genomic loss or through
other mechanisms),>3 or high expression of cyclin
E — both of which would be expected to confer
resistance to treatment with CDK4/6 inhibitors.
Moreover, many TNBC cell lines are insensitive
to CDK4/6 inhibition i vitro.” However, recent
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Table 4. Ongoing randomized phase II/Ill clinical trials evaluating CDK4/6 inhibitors in advanced HER2-

positive breast cancer (ClinicalTrials.gov January 2018).

Trial name Phase Estimated Studyarms Study population Primary
(ClinicalTrials. enrollment endpoint
gov identifier)
PATRICIA Phase Il, 138 Palbociclib + trastuzumab = HER2+/ER = PFS
NCT02448420  Open- letrozole locally advanced
label or metastatic BC
Palbociclib + trastuzumab Postmenopausal
women previously
treated with CT and
trastuzumab
PATINA Phase Ill, 496 Palbociclib + anti-HER2 + HER2+/ER+ PFS
NCT02947685  Open- endocrine therapy metastatic BC patients
label after having received
Anti-HER2+ endocrine anti-HER2-based
therapy induction CT prior to
study enrollment
monarcHER Phase ll, 225 Abemaciclib plus HER2+/ER+ PFS
NCT02675231 Open- trastuzumab plus fulvestrant  |ocally advanced or
label metastatic

Abemaciclib plus

trastuzumab

Trastuzumab plus CPC

BC, breast cancer; CPC, chemotherapy of physician’s choice; CT, chemotherapy; PFS, progression-free survival.

studies have found that some TNBCs might be
sensitive to CDK4/6 inhibition. In fact, Asghar
and colleagues®® demonstrated that the luminal
androgen receptor (LAR) subtype of TNBC was
highly sensitive to CDK4/6 inhibition both i vitro
and i vivo. In contrast, basal-like and mesenchy-
mal TNBC cell lines were resistant to CDK4/6
inhibition. They also identified temporal dysregu-
lation of cyclin E expression (and hence increased
CDK2 activity) as a possible mechanism by which
RB wildtype TNBCs might escape the effects of
CDK4/6 inhibitors.5* In addition, dual blockade
of CDK4/6 and PI3K has demonstrated substan-
tial activity not only in LAR and mesenchymal-
stem (MSL) subgroups,>* which frequently harbor
mutations in the PI3K catalytic subunit of the
PIK3CA gene,>> but also in a variety of RBI-
wildtype TNBC models, regardless of PIK3CA
mutation status.>®

Another intriguing observation demonstrated in
preclinical TNBC models is that inhibition of
CDXK4/6 can block breast cancer metastasis.>” Liu
and colleagues identified the deubiquitinase DUB3
as a new target of CDK4/6. CDK4/6-mediated
activation of DUB3 is essential to deubiquitinate

and stabilize SNAILI, a transcription factor that
promotes  epithelial-mesenchymal transition
(EMT) and, therefore, invasiveness. Collectively,
these results provide rationale for testing CDK4/6
inhibitors for some TNBCs, and for identification
of markers of sensitivity. Indeed, there are ongoing
clinical trials evaluating abemaciclib as a single
agent in metastatic RB-positive @ TNBC
(ClinicalTrials.gov identifier: NCT03130439) or
the combination of palbociclib or ribociclib with
bicalutamide in AR+ TNBC (ClinicalTrials.gov
identifiers: NCT02605486 and NCT03090165,
respectively).

Novel CDK4/6 inhibitor combinations

Combinations with PI3K/AKT/mTOR inhibitors

There is profound crosstalk between the
CDK4/6 and the PI3K-AKT-mTOR pathways,
including many negative feedback loops, pro-
viding strong rationale for combining inhibitors
through both axes to inhibit tumor growth
(Figure 1).19-21.58 Moreover, it has been shown
that early adaptive resistance to CDK4/6 inhibi-
tors in ER-positive breast cancer cells might
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depend on a compensatory PI3K-dependent
activation of non-canonical cyclin D1-CDK2,
and hence recovery of RB phosphorylation.>®
Combined treatment with PI3K and CDK4/6
inhibitors has been shown to overcome single-
agent CDK4/6 inhibitor resistance in
ER-positive breast cancer cells, due to down-
regulation of cyclin D1, inducing not only a
profound cell cycle arrest but also apoptosis.21:5°
Moreover, the triplet combination of fulvestrant
and dual inhibition of CDK4/6 and PI3K was
more effective than either doublet both i vitro
and i vivo.>°

A synergistic interaction has been also observed
between PI3K and CDK4/6 inhibitors in TNBC.
Both the combination of palbociclib with taselisib
(in PIK3CA-mutant TNBC cells) or of ribociclib
with alpelisib (in a variety of TNBC preclinical
models) demonstrated greater efficacy, in terms
of cell cycle arrest and apoptosis, than either drug
alone.5%5% Inhibition of PI3K signaling sensitized
to CDK4/6 inhibition, in part by suppressing
post-mitotic CDK2 activity and therefore induc-
ing a quiescent state in which CDK4/6 activity is
required to initiate the cell cycle.5*

Based on such data, trials examining CDK4/6—
PI3K and CDK4/6-mTOR inhibitor combina-
tions are underway. Some phase I/II clinical trials
in advanced HER2-negative breast cancer include
the combination of ribociclib, fulvestrant and
BKM 120 or BYL719 (ClinicalTrials.gov identi-
fier: NCT02088684). Other trials are exploring
the combination of endocrine therapy with
CDK4/6 and mTOR inhibitors in patients who
have progressed on a CDK4/6 inhibitor (see sec-
tion: Continuing CDK4/6 inhibition beyond progres-
sion). Data from these trials are awaited, and the
first hurdle will be to establish that such regimens
can be tolerated without prohibitive toxicity.

Combinations with immune checkpoint

inhibitors

Recently, a number of preclinical studies have
been published suggesting that CDK4/6 inhibi-
tors not only induce tumor cell cycle arrest, but
also incite an anti-tumor immune response. The
mechanisms behind this include enhanced tumor
cell antigen presentation due to heightened
expression of endogenous retroviral sequences
resulting in tumor cell interferon production,*?
reduced proliferation of immunosuppressive reg-
ulatory T cells,*? and a direct stimulatory effect

on effector T lymphocytes.4* In these studies, the
enhanced anti-tumor immune response brought
about by CDK4/6 inhibition was leveraged by the
addition of immune checkpoint blockade, target-
ing pathways such as the programmed cell death
protein-1 (PD-1) axis, and combined CDK4/6—
PD1 blockade resulted in a synergistic effect on
tumor growth. In one study, similar results were
obtained i vivo when CDK4/6 inhibitors were
combined with PI3K inhibitors and dual immune
checkpoint blockade (inhibiting PD-1 and
CTLA-4).56

These results are intriguing, and are being actively
followed up in several laboratories, including our
own. Indeed, the promise of immunotherapy is
the induction of durable responses in patients
with advanced cancer, and if CDK4/6—
immunotherapy combinations were to achieve
this in breast cancer patients, it would be a very
exciting development. It is important to note,
however, that the early data described all come
from mouse models. The extent to which these
models reflect the biology of human cancer (and
in particular ER-positive breast cancer, which
typically shows little immune infiltrate) is unclear,
and thus it remains to be seen whether this
approach is valuable in patients. Preliminary
results from the phase Ib JPCE study of abemaci-
clib plus pembrolizumab for patients with
HR-positive, HER2-negative metastatic breast
cancer were recently presented. At the 16-week
interim analysis, there were no new safety signals
and a confirmed ORR of 14.3% was observed.5°
Definitive data on the potential benefits of this
strategy will only come from mature data and
larger, randomized trials.

Continuing CDK4/6 inhibition beyond
progression

One outstanding question is whether there is any
role for the continuation of CDK4/6 inhibitors
beyond progression on these agents. There are
few preclinical data available to address this issue
to date. It has been reported that CDK4/6 inhib-
itor-resistant cells might retain endocrine sensi-
tivity, and anecdotes about cross-resistance
between the three CDK4/6 inhibitors have been
mixed.%! This question of CDK4/6 inhibitor use
beyond progression is being addressed in several
clinical trials (see Table 5), some of them main-
taining the CDK4/6 inhibitor while changing the
endocrine agent and others changing the CDK4/6
inhibitor used.
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Table 5. Ongoing trials evaluating continuing CDK4/6 inhibition beyond progression in advanced ER-positive
HER2-negative breast cancer (ClinicalTrials.gov January 2018).

Trial name Phase Estimated Study arms Primary
(ClinicalTrials.gov enrollment endpoint
identifier)
MAINTAIN Randomized, 132 Ribociclib and fulvestrant, or PFS at 24
NCT02632045 phase Il placebo and fulvestrant weeks
NCT02871791 Phase I/lla 32 Palbociclib, exemestane and DLT and CBR
everolimus
NCT01857193 Randomized, 132 Ribociclib, exemestane and DLT, safety
phase Ib everolimus, or ribociclib and and tolerability
exemestane
TRINITI-1 NCT02732119 Phase I/II 51 Ribociclib, exemestane and DLT and CBR
everolimus
PACE NCT03147287 Randomized, 220 Fulvestrant, or fulvestrant PFS
phase Il with palbociclib, or fulvestrant

with palbociclib and avelumab

CBR, clinical benefit rate; DLT, dose-limiting toxicities; PFS, progression-free survival.

Potential biomarkers of response and
resistance to CDK4/6 inhibition

Clinical predictors

Currently, exploratory analyses of trials with
CDXK4/6 inhibitors have not identified a clini-
cal subgroup of ER-positive patients that did
not benefit from the addition of the CDK 4/6
inhibitors to endocrine therapy.”1© A com-
bined analysis of the MONARCH 2 and
MONARCH 3 studies was recently presented,
examining the impact of various clinical param-
eters (tumor grade, presence of liver metasta-
ses, PR status, treatment-free interval) on
relative benefit from abemaciclib therapy.
Although there was a suggestion that patients
in the MONARCH 3 study with an (adjuvant)
treatment-free interval of more than 3 years
might benefit less from abemaciclib, this is
exploratory data at best and should not be used
to guide practice.%?

Molecular biomarkers

Despite available knowledge of the CDK4/6 path-
way, attempts to identify molecular biomarkers
that predict response or resistance to CDK4/6
inhibitors in human breast cancers have failed to
identify clear candidates. Putative biomarkers are
discussed in detail elsewhere (see the work of
Garrido-Castro and colleagues®), and are sum-
marized briefly here.

RB expression. RB has an indispensable role in
mediating anti-tumor responses to CDK4/6 inhib-
itors.”326% As such, one would expect that tumors
lacking functional RB are unlikely to respond to
CDK4/6 inhibition. In support of this notion, clin-
ical reports are emerging of tumors which acquired
resistance to CDK4/6 inhibitors that show new
polyclonal mutations in RB] that are predicted to
confer loss of function.®> Despite this, analysis of
large randomized trials has not revealed a clear
association between levels of RB (as measured
either by immunohistochemistry or gene expres-
sion) and benefit from CDK4/6 inhibitors.60-68
The reasons for this remain elusive, but may relate
to the fact that neither of these assays adequately
reflects RB functionality within a tumor.%

Alterations in cyclin D1 or p16/NK4, Biologists have
hypothesized that cancers bearing amplification of
CCND1 should, by virtue of their high cyclin D1
protein levels, be more dependent on the CDK4/6
pathway and hence more vulnerable to CDK4/6
inhibition. Interestingly, analysis of patient sam-
ples has not shown this to be the case: the
PALOMA-1 study suggested that CCND1 ampli-
fication does not predict benefit from palbociclib,?
and PALOMA-2 samples similarly failed to show
an association at the protein level.®® Moreover,
despite 2 vitro data suggesting that low expression
of pl6 would predict CDK4/6 inhibitor sensitiv-
ity, this has recently come into question and has
not been recapitulated in clinical trials.?-817:66
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Other gene expression profiles. Recently, gene
expression analysis of the PALOMA-2%7 and
PALOMA-3%8 tumor samples was performed, aim-
ing to identify variables predictive of palbociclib
benefit. One intriguing result from PALOMA-3
was that higher expression of the CCNEI gene was
associated with relative resistance to palbociclib
[median PFS in patients with CCNE]1 expression
below median was 14.1 versus 4.8 months (HR
0.32 palbociclib wversus placebo); median PFS in
patients with CCNE1 expression above median 7.6
versus 4.0 months (HR 0.85 palbociclib versus pla-
cebo); interaction p = 0.0024].98 These data sup-
port a potential role of targeting CDK2 to subvert
palbociclib resistance. However, this result was not
upheld in analysis of the larger, first-line
PALOMA-2 study, and clearly requires validation
in other trial cohorts.®” Finally, regarding intrinsic
subtype, both luminal A and luminal B tumors
derived benefit from palbociclib in both the
PALOMA-2 and PALOMA-3 studies.®7-68

Mutational profiles. Analysis of the PALOMA-3
trial has suggested that neither tumor mutations
in PIK3CA nor ESRI are associated with reduced
benefit from palbociclib.’® More recently, analysis
of circulating cell-free DNA samples from patients
on the MONALEESA-2 study showed negative
prognostic implications of PIK3CA and TP53
mutations in patients with advanced ER-positive
breast cancer, but neither was predictive of bene-
fit from CDK4/6 inhibition.”!

Conclusions

CDK4/6 inhibitors have well and truly entered
the treatment landscape for advanced ER-positive
breast cancer, and in combination with hormonal
treatment are now a standard first-line treatment
option for both pre- and postmenopausal women.
Importantly, the ORRs of over 50% seen in all
first-line trials makes CDK4/6 inhibitor plus
endocrine therapy regimens a suitable option over
chemotherapy in most cases. In patients previ-
ously treated with endocrine therapy who are
CDXK4/6 inhibitor naive, CDK4/6 inhibitors are
also becoming a standard option. Furthermore,
in more heavily pretreated patients, abemaciclib
monotherapy can also be considered. Perhaps the
most outstanding questions for patients with
advanced ER-positive disease are whether
CDK4/6 inhibitors will prolong their OS, and if
there is any role in continuing treatment beyond
progression. These answers will become clear as
more trial data are presented in coming years.

As we have discussed, there is also a strong pre-
clinical rationale for testing CDK4/6 inhibitors
in other breast cancer subtypes (especially
HER2-positive disease) and for evaluating
novel CDK4/6 inhibitor combinations. As our
understanding of the molecular mechanisms by
which these drugs act improves, we are likely to
be able to ask more refined questions, ulti-
mately identifying optimal combinations that
will benefit the majority of breast cancer
patients, while sparing unnecessary toxicity and
costs.
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